At least five animal phyla exhibit spiralian development, which is characterized by striking similarities in the geometry of the early cleavage pattern and the fate map of the blastula, along with similarities in larval morphology. Recent advances in reconstructing the phylogeny of spiralians and their relatives suggest that the common ancestor of a large clade of protostome phyla known as the Lophotrochozoa had spiralian development. In this minireview, I describe characteristics of spiralian development and some recent insights into its mechanisms and evolution.
Introduction
Patterns of early development vary enormously among animals. Most animal phyla have distinctive styles of early cleavage, cell fate specification and larval development. Even within most phyla there is considerable variation in all of these traits. In contrast, a mode of embryogenesis called 'spiralian development' is strongly conserved between multiple animal phyla. These include at least the annelids, entoprocts, nemerteans, molluscs and platyhelminth flatworms, and this mode of development may have been ancestral for the large multi-phyla clade Lophotrochozoa, which contains a large fraction of extant animal body plans and species (Box 1). The hallmarks of spiralian development are a distinctive geometry of early cleavages, and a set of conserved aspects of the fate map of the early embryo.
In an early description of spiralian development, E.B. Wilson wrote ''[t]he cleavage of the ovum takes place with a precision and regularity which oft-repeated examination only renders more striking and wonderful'' [1] . The first two divisions produce the macromeres, which then divide asymmetrically towards the animal pole to generate daughter cells called micromeres. The four micromeres generated in a given cleavage cycle are called a quartet. The divisions that produce the cells in a given quartet are all at the same oblique angle to the animal-vegetal axis, so that the embryo exhibits a distinctive helical twist when viewed from the animal pole ( Figure 1 ). In successive cleavage cycles, the divisions are angled to alternate sides of the animal-vegetal axis. These events are precisely regulated, and generate a stereotypical arrangement of cells in the blastula, so that every cell can be uniquely identified based on its position.
Recent Twists on Spiralian Cleavage
Recent work is starting to shed light on the mechanisms that control the angle of these early cleavages, and the results are surprising. In the snail Lymnaea stagnalis, there is a dimorphism in the angles of these early cleavages, with some strains showing a dextral (or right-handed) twist when the first quartet micromeres are born, and the others executing a sinistral (left-handed) twist (snail chirality is reviewed in [2] ).
Shibazaki et al. [3] , found that in the dextral condition, which is more common and genetically dominant, the angular displacement of the micromeres is presaged by two movements: an inclination of the metaphase spindles away from the animal-vegetal axis, and a helical deformation of the mother cells during mitosis that predicts the spiral arrangement observed after division. Surprisingly, in sinistral embryos, there was neither inclination of the spindles nor helical deformation of the mother cells. Instead, the spiral arrangement of the micromeres was achieved by a rotation during late cytokinesis. So, while the resulting cellular arrangements are mirror images of each other, the mechanisms that generate them are not. Remarkably, there appears to be sufficient redundancy so that if the normal, dominant mechanism of dextral cleavage is impaired, spiral cleavage will still occur by different mechanisms, albeit in the reverse direction. Presumably, this redundancy arose because the precise arrangement of cells in the spiralian embryo is important for embryonic patterning, but it is not yet clear why.
Cell-Fate Specification in the Spiralian Blastula
The Fate Map of the Spiralian Blastula The precise arrangement of cells in the spiralian blastula allows homologous cells to be recognized in embryos of distantly related groups, and there are strong similarities in the fates of corresponding cells in embryos of various groups ( Figure 2 ). In recent years, fate mapping studies [4] [5] [6] [7] [8] [9] [10] [11] [12] have confirmed many aspects of classical cell-lineage descriptions, while uncovering new generalities and important details about the fate of cells in the spiralian blastula.
The head ectoderm is derived from first quartet micromeres, while the mouth and trunk ectoderm come from second and third quartets of micromeres. The head region is bounded by one or more circumferential rows of cells that generate the major ciliated band of the larva, called the prototroch in molluscs, annelids and nemerteans [5] . The cells that generate this ciliated band vary somewhat across spiralians, but they usually include vegetal derivatives of the first quartet (i.e. 1q
2 ), and some animal derivatives of the second quartet. The mesoderm in spiralians comes from two sources [12] . Ectomesoderm is derived from cells of the second and third quartets, which also make ectoderm, while endomesoderm comes from the fourth quartet micromere daughter of the D macromere lineage, called '4d' or the 'mesentoblast'. This cell produces most of the mesodermal organs in the larva and in most spiralians it also generates the hindgut or intestine. The rest of the endoderm comes from the other fourth quartet micromeres and macromeres after they have generated their progeny. [13] . An important recent advance was a series of challenging cell transplantations that directly demonstrated that micromeres within spiralian quartets have similar developmental properties, which are presumably determined by inherited factors [14] . During early cleavages of the snail Ilyanassa obsoleta, around 3-4% of RNAs are specifically segregated, usually in quartet-specific patterns [15, 16] (Figure 3B ). This happens in all lineages of the embryo, and there are many different patterns of segregation among the RNAs that have been characterized, suggesting that the embryo could be extensively patterned by segregated RNAs. However, despite these hints that autonomous specification is important, thus far no molecule has been shown to act as a determinant in a spiralian embryo.
In many animal embryos, specialized cells divide repeatedly in a highly asymmetric fashion, often generating a series of daughter cells with different fates. They are commonly called blast cells or teloblasts and they are common in spiralian embryos. The most strongly conserved teloblast lineages in spiralians are generated by the daughter cells of the 4d mesentoblast cell. Recently, the conserved developmental regulatory protein Nanos has been implicated in the regulation of teloblast cell divisions in the 4d lineage of Ilyanassa, and in teloblast lineages in the leech Helobdella robusta [17, 18] . A number of transcription factors have been identified that mark subsets of the 4d teloblast progeny, and a member of the Pax3/7 family of transcription factors has been shown to be required for development of progeny cells in the leech [19] [20] [21] (Figure 3C ).
The Spiralian Organizer
Cell signaling is also important for patterning the spiralian blastula, and an early embryonic organizer activity has been particularly well-characterized in mollusc embryos. Deletion of the D macromere cell after the birth of the third quartet of micromeres, when this cell is called 3D, impairs the development of many micromeres, especially those on the dorsal side. These experiments indicate that this cell acts as an embryonic organizer because it induces the normal pattern of cell fates across the secondary axis of the embryo [22] [23] [24] . 3D has generally been considered to be the molluscan organizer, and in at least one case, it has been established that the organizer signaling has been completed by the time 3D divides [23] . However, recent studies in two molluscs have shown that also 3D's daughter cell 4d participates in signaling, either as a continuation of signaling by 3D in Ilyanassa [17] , or as the sole source of organizer signals in the snail Crepidula fornicata [25] . In polychaete annelids, the relevant ablation experiments have not yet been done, but the existence of an organizer is supported by several lines of evidence: experimental duplication of the D-quadrant lineage in polychaete embryos produces conjoined twins [26] , and pharmacological treatments that prevent specification of the D-quadrant macromere also prevent normal micromere patterning [27] .
The ERK1/2 MAPK cascade has been implicated in this signaling event in several mollusc embryos [25, [28] [29] [30] [31] . Intriguingly, the pathway is activated in the 4d cell of the polychaete annelid Hydroides hexagonus, rather than the 3D cell [29] . This suggests that 4d may be acting as the organizer in this embryo, as in Ilyanassa and Crepidula. While the ERK1/2 MAPK pathway is currently our best molecular starting point for understanding the spiralian organizer, we still do not know the identity of the organizer signal (or signals), or how broadly this molecular mechanism is conserved among spiralians.
Beta-catenin in Spiralians
Beta-catenin is a conserved protein with roles in cell adhesion and as a transcription factor mediating canonical Wnt signaling, which plays diverse roles in animal development. Recently, remarkably different roles of beta-catenin signaling have been reported for embryos of the two spiralian species where the pathway has been examined.
After nearly all divisions in the embryo of the annelid Platynereis dulmerilii, the daughter cell closer to the vegetal pole Annelids comprise a particularly large and morphologically diverse phylum. They include the familiar earthworms and leeches, as well as the spectacularly diverse polychaetes. This class includes several other kinds of worms with former phylum status: the echiurans, pogonophorans, and perhaps the sipunculans. Entoprocts have a cup-like body on the end of a stalk, and a crown of ciliated tentacles that are used to capture food. Brachiopods and phoronids both have an elaborate crown of ciliated tentacles called a lophophore. Brachiopods have two shells that enclose this structure. The two groups are sometimes called the Brachiozoa.
Bryozoans are small colonial animals that have a ciliated feeding structure called a lophophore (as in Brachiopods and Phoronids). Bryozoans can withdraw the structure into their body cavity. Gastrotrichs are small wormlike animals, often with a forked tail, that move using a field of cilia on their ventral surface. Gnathostomulids, or jaw worms, are tiny marine animals that generally make a living scraping food from grains of sand with their muscular jaws. Molluscs are one of the largest animal phyla in terms of species and morphological diversity. They are characterized by the presence of a shell and a specialized feeding structure called a radula. Familiar examples include snails, clams and squid, but the phylum also includes less-well known animals like the multishelled chitons, tooth shells, and the rare monoplacophorans and aplacophorans. Nemerteans are unsegmented elongate worms with a specialized structure called a proboscis that can be rapidly everted to capture prey. Platyhelminths comprise flatworms, including the familiar freshwater planarians renowned for their ability to regenerate, as well as the several groups of marine animals which display typical spiralian development. Rotifers are minute animals that typically have two ciliated lobes that are used for locomotion and gathering food.
contains more nuclear beta-catenin than its sister closer to the animal pole ( Figure 3D ) [32] . Perturbing this pattern affected the differentiation of the cells with high levels of the protein, supporting its functional significance for cell fate specification. This is particularly exciting as many cell divisions in spiralian development generate sister cells with markedly different fates. A very similar role for beta-catenin asymmetries in binary cell fate determination has also been found in the non-spiralian embryo of the nematode Caenorhabditis elegans, raising the possibility that this mechanism was already in place at the base of the protostomes [32] .
In the embryo of the nemertean worm Cerebratulus lacteus, differences in nuclear beta-catenin levels between sister cells are not observed [33] . An important technical difference is that this study used fusion proteins expressed from injected mRNAs, which might not completely recapitulate the normal pattern. The fusion protein became increasingly restricted to vegetal cells as cleavage progresses, so that by the 64 cell stage, it was only in the four macromere cells at the vegetal pole, which give rise to endoderm [10] ( Figure 3E ). Knockdown of endogenous beta-catenin with a morpholino created larvae with extra apical organs and no gut, while gain-of-function perturbations caused formation of excess gut. These results convincingly implicate beta-catenin in endoderm specification in C. lacteus. Studies in the early embryos of a number of animal groups suggest that an ancestral role of beta-catenin activity was to specify endoderm or endomesoderm [33] , so it is tempting to speculate that this role was present in the ancestral spiralian. Clearly, this pathway needs to be examined in other systems.
Variations on Spiralian Development
All spiralian phyla are part of the large clade of protostome phyla known as the Lophotrochozoa [34] , but until recently, the relationships within this clade were very murky. Dunn and colleagues [35] increased the sampling of metazoan taxa, and used an expansive 'phylogenomic'-scale data matrix populated with hundreds of putatively orthologous genes recovered by transcriptome sequencing. They were able to resolve key nodes in the animal phylogeny with high confidence. The topology of their phylogenetic tree implies that the common ancestor of the Lophotrochozoa had spiralian development, so that embryogenesis of all the about 10 phyla in this clade should be understood as modifications of the spiralian developmental program (Figure 4 ). If supported by future studies, this suggests that the common ancestor of the clade now known as Lophotrochozoa had spiralian development, and the clade should perhaps be called the Spiralia [36, 37] . From this perspective, patterns of spiralian development have persisted with only few changes in some groups, but diverged beyond recognition in other lineages. Evolutionary modifications of virtually all aspects of spiralian developments have occurred. There are relatively subtle changes, such as the reversal of cleavage chirality described above, or changes in the proportions or tempo of micromere divisions between taxa ( Figure 4B ) [38] . More profound are the changes in the mechanisms of secondary axis specification among spiralians. In the presumably ancestral condition, known as 'equal cleavage', the secondary axis is specified after the birth of the third quartet of micromeres, by interactions between cells. In many lineages, asymmetric cell division in the first two cleavage cycles specify the secondary axis precociously, in a mode known as 'unequal cleavage' [39] . According to the phylogeny, spiralian development has been completely lost in some groups, like the phoronids, brachiopods, bryozoans, planarian flatworms and cephalopods. Other groups, like the entoprocts and gnathostomulids have been reported to have spiralian development, but this needs to be verified with lineage tracing and molecular approaches. It seems likely that vestiges of spiralian mechanisms will be found in some of these embryos, but recognizing them may require better understanding of the conserved and divergent mechanisms in various groups with obvious spiralian development.
The Spiralian Body Plans
The Lophotrochozoa contain a large fraction of the extant diversity of animal body plans, and even among spiralian taxa with very similar early development, there is marvelous morphological diversity in later life-history stages. For instance, the annelid assemblage tentatively includes three groups that previously had phylum-level status because of their divergent body plans: the sipunculans, echiurans and pogonophorans [35, 40] . This situation makes the spiralians a particularly good group for studies of body plan evolution, because dramatic changes in adult body plans can be examined with fewer of the confounding effects of diverged early embryonic development. Many of these novel body plans are not represented by systems under active investigation, so most of these enticing problems remain unstudied.
There has been significant recent progress in understanding the establishment of the polychaete body plan [41, 42] , and the molecular mechanisms that underlie segmentation in annelids [43] [44] [45] [46] . Much of the effort has been devoted to drawing comparisons with arthropods and vertebrates, and there are still few comparative data within the spiralians to address the evolution of novel body plans in this group. One exception is a study of the roles of Hox genes in the organization of the squid body plan [47] , which showed that several members of this highly conserved gene family were co-opted to participate in the development of morphological novelties in cephalopods, such as the arms and funnel tube. (B) Close-up of the animal pole during segregation of the IoLR2 RNA into the second quartet micromeres of the Ilyanassa embryo. In Ilyanassa the first quartet is born with a dextral twist (not shown, but as in A), and the second quartet is born with a sinistral twist. RNA is red, DNA is blue, and microtubules are green. Reproduced with permission from [16] . (C) Expression of the Pax3/7A gene from the leech Helobdella in specific blast cell progeny in the bilaterally paired mesodermal germ bands. Reproduced with permission from [19] . (D) 16-cell stage Platynereis dumerilii embryo stained for beta-catenin (red), alphatubulin (green), and histone (blue); views are from animal pole (see polar bodies in center). Note that beta-catenin is present at high levels in the nuclei of vegetal-pole sister cells but at low levels in the nuclei of animal-pole sisters. Sister cells are connected by white bars. Reproduced with permission from [32] . (E) Embryo of the nemertean Cerebratulus lacteus seen from the vegetal pole. An mRNA for a beta-catenin-GFP fusion protein was injected into the zygote, and specific protein localization (green) is observed in the four macromeres, which generate endoderm. DNA is red. Reproduced with permission from [33] . (F) Posterior view of a blastula stage embryo of the snail Biomphalaria glabrata showing the expression of the brachyury gene in bilaterally paired cells (blue-black staining), and a group of nodal-expressing cells on the right side (red). Reproduced with permission from [48] .
A recent study may offer an entree into understanding how another distinctive spiralian body plan arose, or was elaborated. Gastropod molluscs (snails) are one of the most speciose animal groups, and they are famously asymmetric. In most snails, the long axis of the animal is helically coiled, with obvious left-right asymmetry. In vertebrates and urchins, the Nodal signaling factor and the transcription factor Pitx are key factors in patterning the left-right axis. These findings had not been extended to protostomes, until Grande and Patel [48] found clear orthologs of Nodal and Pitx in the genomes of two distantly related (and oppositely coiling) snails, Biomphalaria glabrata (left-handed) and Lottia gigantea (right-handed). They found that Nodal and Pitx are expressed with left-right asymmetry during early snail development ( Figure 3F ), and this asymmetric expression correlates with left-right morphological asymmetry in their two snail systems. They also found that an inhibitor of the Nodal receptor caused a loss of Pitx expression, and in some animals, a loss of shell coiling. The functional significance of the expression pattern needs to be confirmed with specific gene knockdown, but these results are an exciting first step. First of all, they highlight the utility of spiralian models for studying the function and evolution of genes or pathways that have been lost or evolved rapidly in other model protostomes, since this pathway does not seem to determine asymmetry in fruit flies or nematodes. Furthermore, these data raise the possibility that the common ancestor of bilaterians used the nodal pathway to pattern an asymmetric left-right axis. This is quite surprising since most animals are bilaterally symmetrical and left-right asymmetry has been inferred to be repeatedly invented [49] , but the hypothesis could gain support with further study of this pathway in snails and other protostomes.
Spiraling into the Future
The outlook is bright for studies of spiralian development. There is a growing list of model systems where experimentally accessible embryos are readily obtained, basic molecular resources and protocols are available, and specific perturbations of gene function are possible. At the same time, several spiralian animals in this group have been selected for whole genome sequencing: the gastropod molluscs L. gigantea, B. glabrata, and Aplysia californica, as well as the annelids H. robusta and Capitella teleta, and the flatworm Schmitdea mediterranea. The challenge now is to make these two sets of organisms more congruent, so that genomic data can be leveraged with robust experimental approaches. These efforts are ongoing, with the development of better genomic resources for established experimental systems, and the development of new experimental methods in embryos with available whole genome sequence. Spiralian development has attracted the interest of developmental biologists since the dawn of the discipline, and now it seems that we can finally begin to understand this fascinating process at a mechanistic level. 
